We conducted an investigation of plasma deposition and etching processes on full-size multicrystalline (mc-Si) cells processed in commercial production lines, so that any improvements obtained would be immediately relevant to the PV industry. In one case, we performed a statistically designed multiparameter experiment to determine the optimum PECVD-nitride deposition conditions specific to EFG silicon from ASE Americas, Inc. In a related effort, we studied whether plasma-etching techniques can use standard screen-printed gridlines as etch masks to form self-aligned, patterned-emitter profiles on mc-Si cells from Solarex Corp. Our initial results found a statistically significant improvement of about half an absolute ercentage point in cell efficiency when the self-aligned em er etchback was combined with the PECVD-nitride surface passivation treatment. Additional improvement is expected when the successful bulk passivation treatment is also added to the process.
INTRODUCTION
The use of plasma-enhanced chemical vapor dep (PECVD) as a low-temperature surface pass technique for silicon solar cells is a topic of increasing importance.
PECVD is now widely recognized as a potentially cost-effective, performanceenhancing technique that can provide surface passivation and produce an effective antireflection coating layer at the same time [I] . For some solar-grade silicon materials, it has been observed that the PECVD process results in the improvement of bulk minoritycarrier diffusion lengths as well, presumably due to bulk defect passivation [2].
In order to gain the full benefit from improved emitter surface passivation on cell performance, it is necessary to tailor the emitter doping profile so that the emitter is lightly between the gridlines, but heavily doped under is especially true for screen-printed gridlines, very heavy doping beneath them for acceptably low contact 
EXPERIMENTAL PROCEDURE

AS€ Americas EFG-silicon
We tigation on EFG cells using a resp ogy approach described in Ref, 6 . We began with a main-effeds experimental design. Then, a quadratic interaction experiment followed, which varied only the most important factors to find conditions efficiency. Finally, a d ition using the predicted parameters was perf0 to confirm the prediction.
de depositions were performed using a modified Pacific Westem Coyote PECVD reactor. This is a commercial, RF parall with large batch-size a gases for nitride deposition were a 3% mixture of silane in nitrogen and pure ammonia.
Full-area solar cells were processed in the standard manner on the ASE production line except when the cells were extraded for the nitride depos ns. In this way, any improvements in performance could be most easily incorporated into ASE's process.
Solarex cast multicrystalline silicon
These cells received Solaregs standard production line processing through the printing and firing of the gridlines.
Then, the cells underwent reactive ion etching (RIE) for 3 minutes to increase the sheet resistance of the emitters to 80-100 ohmskquare. They were plasma-etched in a Technics PE Il-A reactor using pure SFS at a power of IOW and a pressure of 100 mTorr. Then, the cells received either an ammonia-plasma hydrogenation (H-passivation) treatment OF a silicon-nitride deposition (PECVD-nitride), both found to be effective for bulk and surface passivation in String RibbonTM mc-Si [2]. They were then returned to the Solarex production-line for final cell processing.
ESULTS -Solarex
The selective-emitter plasma etchback process is described in Figure 1 . The emitter etchback can be performed after the hydrogenplasma treatment to remove surface damage. However, in this work, the plasma-etching was done first.
There were four groups of 102.6-cm2 Solarex cells processed as described in Table li.   Table 1 . Four processing sequences were each applied to 12 Solarex mcSi cells using matched material from the same ingot and in most cases with the same grain structure.
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The cells from Group 2 suffered an efficiency loss due primarily to loss of Vac, as expected, since the etched-back emitter is now transparent to minority carriers, which now recombine at the unpassivated front surface. An additional loss in FF is due to the increase in series resistance because of the extra sheet resistance of the etch an optimized sequence, the cells would have more closelyspaced gridlines to compensate for this. In addition, an extra-heavy emitter doping could be performed, possibly resulting in additional gettering of bulk impurities, which could then be etched away. Also, heavier doping under the gridlines would better isolate them and reduce contact recombination. Finally, the heavier doping would also reduce the contact resistance that oRen limits screen-printed cell performance. The lack of current loss in these cells indicates that any increase in surface recombination is compensated for by reduced emitter recombination in the now lightly doped emitter.
The Group 3 cells have rega~n~d probably due to the compensa~ing recombination from the hyd Interestingly, this is accompanied by a reduction of the series resistance, which is in agreement with observations Wenham et al, who attributed this to a decrease in t contact resistance of the screen-printed gridlines 171. This, in combination with the benefits of heavier emitter doping mentioned above, would address many of the sho have been ascribed to the screen-printing process.
The cells from Group 4 have totally regained their initial VOC values and begin to show a significant 3% that the surface of the transparent emitter i the nitride film. The effect of the plasma-nitride deposition on reducing the gridline contact resistance is still app~ren~, resulting in an overall average increase in e half an absolute efficiency point. expected when the nitride passivation is comb in^^ with bulk hydrogenation and the benefits of heavy emitter doping.
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Figure 2. IQE curves of three Solarex cells representative of Groups 1, 3, and 4 described in Table 1 .
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The IQE curves show that while both plasma treatments increased the red-response relative to the control cell, the NHFhydrogenation treatment had the biggest effect. It is also clear that the nitride-ARC resulted in the best blue response due to its better passivation of the emitter surface.
In fact, the IQE(400-nm) value (73%) is almost as high as that obtained previously on this material (78%) using a nitride coating optimized for low surface recombination [6] . This shows that the RIE process may not have damaged the emitter surface significantly, if at all. 300 400 Std.-15% Std.+l5%
RESULTS ASE Americas
Main-Effects Experiment
The parameters investigated in the main-effects experiment are shown in Table 2 . Because previous work has shown that an in situ hydrogen or ammonia rf-plasma treatment prior to a PECVD-nitride deposition promotes bulk defect passivation [2], we included a hydrogen or ammonia rfplasma pretreatment as a factor. We also studied whether the predeposition of a thin, 20-nm silicon-nitride protective layer before performing the plasma treatment would serve to minimize surface damage. We also included the duration of the plasma pretreatment as a factor. The other variables are shown in the table.
It was found that a 30-minute plasma pretreatment resulted in both higher Voc and JSC, but the choice between whether hydrogen-or ammonia should be used can be based upon cost of implementation. The protective film resulted in marginally higher currents, but had no effect on voltage, as might be expected if its main benefit was to protect the emitter surface. The plasma power had no effect. The pretreatment and deposition temperature had the largest effect on cell performance, with the higher temperature preferred for both VOC and JSC. The higher silane-toammonia ratio was also preferred for both parameters, while the higher deposition power resulted in higher currents only. Cells using the preferred conditions had VOC'S up to 47 mV The results of the quadratic experiment are contour plots of the measured variables, which in this case were illuminated cell performance parameters. The response surface for cell efficiency near the highest maximum is shown in Figure 3 . It predicts an efficiency over 13.5% in a corner of the parameter space where all the parameters are set to their maximum or minimum values. This behavior suggests that even better results may be obtainable by extending the ranges of these parameters.
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DE PT E M P 375 400 and 16.5Oh. Indeed, when 5 cells were processed using this recipe, the average efficiency was only 9.8%, with the best cell reaching 10.5%. While this is marginally within the expected uncertainty limits, it is not as good as we had hoped for. It was found that these five cells suffered from low fillfactors due to higher non-ideal diode recombination (~2 ) compared to the best cells in the quadratic experiment that formed the basis for the prediction. Apparently, the fill-factor is a very sensitive function of the deposition parameters, which cannot be modeled accurately using a simple quadratic approximation. Higher order models will have to be used to correctly predict the optimum combinafion. If the filr factors of these five cells had been comparable to those in the quadratic, their average efficiency would have been 11.2%, still low, but welt within the confidence limits.
This investigation determined that RI€ is compatible with using standard, commercial, screen-printed gridlines as etch masks to form self-aligned, selectively-doped emitter profiles. This process results in reduced gridline contact resistance, an undamaged emitter surface easily passivated by plasmanitride, a doped emitter between gridlines for reduced ation. It allows for heavier doping beneath the gridlines for even lower contact resistance, 6 reduced contact recombination, and better bulk defed gettering. Future work in this area will incorporate the heavier emitter doping as well as performing the bulk hydrogenation before the RIE step so that surface damage from the bulk passivation step can be removed or This will be compared with the use of a protective nitride film before hydrogenation. Finally, all three plasma processes, the bulk passivation, emitter etchback, and nitride surface passivation, will be combined for the synergistic additive effect of their benefits.
A more sophisticated model of higher orderthan a quadratic, which takes into account the sensitive interactions between alf of the processing variables, is needed to predict the behavior of overall solar cell performance. In addition, larger sample sizes are needed to reduce the amount of uncertainty in the predictions.
